Abstract Changes in fatty acid patterns, digestive and metabolic enzyme activities and egg production rates (EPR) were studied in the small calanoid copepod Temora longicornis. Female copepods were collected in spring 2005 oV Helgoland (North Sea). In the laboratory one group of copepods was fed with the cryptophycean Rhodomonas baltica for a period of 3 days. Another group of copepods was maintained without food. According to the fatty acid patterns, animals from the Weld were feeding on a more detrital, animal-based and to a minor extent to a diatom-based diet. Under laboratory conditions, females rapidly accumulated fatty acids such as 18:4 (n-3), 18:3 (n-3) and 18:2 (n-6) which are speciWc of R. baltica. Diatom-speciWc fatty acids such as 16:1 (n-7) were strongly reduced. In fed animals the activities of digestive and metabolic enzymes remained constant and egg production rates were highest on day 2. Starving animals, in contrast, showed signiWcantly reduced faecal pellet production and EPR. Proteolytic enzyme activity decreased rapidly within 24 h and remained at a low level until the end of the experiment. Citrate synthase decreased continuously as well. T. longicornis rapidly reacts to dietary changes and food depletion.
Introduction
Copepods are abundant and widespread in the ocean plankton where they constitute a major component of the pelagic food web. As adaptation to diVerent environmental conditions and seasonal cycles they developed a variety of life history traits as well as unique physiological properties. These comprise diapausing, resting eggs, high reproduction rates, vertical migration and eYcient energy utilization (Kiørboe et al. 1985; Dahms 1995; Mauchline 1998; Castellani and Lucas 2003) . The utilization of food and the deposition of energy reserves are the fundamental processes for survival and reproduction. Feeding and digestion, however, depend on various factors including hydrography, food density, the Wtness of the feeder and its ability to cope with changing trophic conditions (Mayzaud 1986; Roche-Mayzaud et al. 1991; Kiørboe and Nielsen 1994) . Organisms which are capable of accumulating energy reserves, e.g. lipids, are less vulnerable to Xuctuations in food availability. They can survive extended periods with little or even without food while mobilizing their lipid stores (Lee 1975; Lee and Barnes 1975; Sargent and Henderson 1986) . On the contrary, organisms which are not able to accumulate energy reserves extremely depend on continuous food supply.
The small calanoid copepod Temora longicornis is one of the most abundant species in the North Sea and other regions of the Northeast Atlantic and, thus, of outstanding ecological importance (Fransz et al. 1991; Mauchline 1998) . It is known as a species with high metabolic rates but low energy reserves (Mayzaud et al. 1992; Evjemo and Olsen 1997; Helland et al. 2003) . Since the plankton composition can change rapidly in the North Sea (Kiørboe and Nielsen 1994), T. longicornis strongly depends on the ability to react rapidly to altering trophic conditions. The digestive system is immediately aVected by Xuctuations in food supply. Potential eVects of the dietary composition on the expression of digestive enzymes were discussed in earlier studies but diVerent and partly contradicting conclusions were drawn. Some authors suggested that digestive activity increases with increasing food supply; whereas, others showed that the digestive activity decreases in copepods under surplus of food (Mayzaud and Conover 1975; Hirche 1981; Hassett and Landry 1983; Harris et al. 1986; RocheMayzaud et al. 1991) . As a consequence of food supply, copepods may change their metabolic performance in terms of oxygen consumption or metabolic enzyme activities. Moreover, the reproductive success can change signiWcantly, e.g. egg production rates (EPR) respond within 1 day to dietary changes (Kiørboe et al. 1985; Jónasdóttir and Kiørboe 1996; Hirche et al. 1997) .
This study aimed at complementing knowledge on adaptive responses of T. longicornis to changing nutritional conditions on diVerent physiological levels. Therefore, we carried out short-term feeding and starving experiments. One group of female T. longicornis was incubated over 3 days with the cryptophycean Rhodomonas baltica, a high-quality food for copepods (Klein Breteler 1980; Jónasdóttir 1994; Jónasdóttir and Kiørboe 1996; Koski et al. 1998; Tang et al. 2001; Klein Breteler et al. 2004) . Another group of females remained unfed for 3 days. The parameters we selected covered diVerent physiological levels. From daily samples we analysed the changes in the activities of digestive and metabolic enzymes and in EPR; whereas, changes in fatty acid patterns were investigated at the end of the experiments after 3 days of incubation.
Materials and methods

Origin of samples
Temora longicornis specimens were sampled in spring (April and May 2005) oV Helgoland (54°11ЈN, 07°54ЈE) with a CalCoFi plankton net (500 m mesh size). The net was towed for 10 min at 10 m depth and at a speed of 0.3 m s ¡1 . Immediately after capture the plankton samples were transferred to the laboratories of the Marine Station. For each experiment, a feeding experiment in April and a starving experiment in May, about 450 healthy looking females and 50 males were sorted alive under a stereo-microscope.
Due to low numbers of females in the samples we were unable to start both experiments at the same time. Nine groups of ten females each were shock frozen at ¡80°C after shortly being rinsed in demineralised water. These samples were used for biochemical analysis (dry mass (DM), lipid content, fatty acid composition, metabolic and digestive enzyme activities) representing the in situ condition of the females. Parallel to the zooplankton sampling in April, water samples were taken with a 10 l Niskin bottle in 3 m depth in order to characterise the potential diet of copepods in the Weld. Water samples were Wltered over a 70 m sieve. Thereafter, triplicates of 500 ml were gently Wltered over dried GF/C Wlters (0.2 m). The Wlters were stored at ¡80°C until analysis of the fatty acid composition.
Algae culturing
Rhodomonas baltica (Cryptophycea) was grown in f/2 medium (Guillard 1975) over several weeks under continuous illumination and aeration. Each day the bottles with the cultures were gently shaken to maintain cells in suspension. Cell concentrations were measured with a cell counter and analyser system (CASY ® Model TTC, Schärfe System GmbH). At the beginning of the feeding experiment a deWned volume of the cultures were Wltered on dried GF/C Wlters and stored at ¡80°C for subsequent fatty acid analysis.
Experiments
Both feeding and starving experiments were carried out with healthy looking females and males. For each experiment, about 150 females and 15 males each were placed in three 2.5 l beakers containing approximately 2 l of algal suspension or Wltered sea-water (0.2 m). Males were required for continuous fertilization of females. Copepods were incubated over 3 days. The cell density of R. baltica was 20,000 cells ml ¡1 . The beakers were kept in the dark at approximately 5°C throughout the experiment. The temperature was the same as the ambient water temperature. On day 2 approximately half of the incubation water was exchanged by new medium.
Every day approximately 90 females in total were taken from the beakers. For the measurements of egg and faecal pellet production, 24 females were individually incubated over 24 h in cell wells (6.3 ml volume), Wlled with Wltered sea-water (0.2 m), at ambient temperature in a constant temperature room. Every 8 h eggs and faecal pellets were counted and removed from cell wells in order to avoid cannibalism on eggs and feeding on pellets. The other females were frozen in groups of ten at ¡80°C for biochemical analysis of digestive and metabolic enzymes. On day 3 additionally three groups of ten females each were taken from the beakers and frozen for the analysis of fatty acids.
Enzyme analysis
The digestive potential of T. longicornis females was represented by total proteolytic activity. As representatives of metabolic activity, citrate synthase (CS, EC 4.1.3.7), the key enzyme of the triacetic acid cycle was selected. All enzymatic assays were carried out in triplicates.
Total proteinase
Deep-frozen samples (10 individuals) were homogenized in 200 l of ice-cold buVer (0.1 mol l ¡1 Tris/HCl pH 7, supplemented with 10 mmol l ¡1 CaCl 2 ). Proteinase activity was determined with modiWcations after Saborowski et al. (2004) . The copepods were thoroughly squeezed with a micropestle and the extract was centrifuged at 15,000g for 10 min (4°C). Thereafter, the supernatants were transferred into new microtubes and were kept on ice. The total proteinase activity was measured with Azocasein as substrate. Exactly 20 l of the sample (20 l of buVer for the control assays) was incubated in microtubes for 5 min at 30°C. Then 5 l of azocasein solution (Fluka 11615, 1% in aqua dem.) were added and the tubes were incubated for 1 h at 30°C. The reactions were stopped by the addition of 50 l of 8% trichloroacetic acid (TCA, 8% in aqua dem.) and cooling on ice. The microtubes were centrifuged at 15,000g (4°C) for 15 min. The optical density of the supernatants was measured at 366 nm.
Citrate synthase
Deep-frozen samples were homogenized as described above except that Tris/HCl (50 mmol l ¡1 , pH 7) was used as extraction buVer. CS activity was determined with modiWcations after Stitt (1984) as described in Saborowski and Buchholz (2002) . Exactly 20 l DTNB [5,5Ј-Dithiobis(2-nitrobenzoic acid), 6 mmol l ¡1 in buVer] (Sigma D8130), 20 l Acetyl-CoA (Acetyl-Coenzyme A tri-lithium salt, 6 mmol l ¡1 ) (Roche diagnostics, 10101893001) and 20 l sample were placed in a cuvette and mixed with 520 l of 50 mmol l ¡1 Tris/HCl-buVer, pH 7.5 (supplemented with 100 mmol l ¡1 KCl and 1 mmol l ¡1 EDTA). After 5 min of incubation at 30°C, 20 l of oxalacetic acid (12 mmol l ¡1 ) (Sigma O 4126) were added to start the reaction. The increase of absorbance was measured continuously for 180 s at 405 nm and at 30°C.
Dry mass, lipid content and fatty acid analysis
The copepods were lyophilised for 24 h (Leybold-Heraeus, LYOVAC GT2). The DM was measured with a micro-balance (Sartorius, §2 g). The lyophilised samples were then stored at ¡80°C.
Prior to the lipid extraction procedure, organic solvent (dichloromethane:methanol, 2:1/v:v) was added to the copepods (1.5 ml) and to the Wlter samples (4 ml) and the samples were left for 24 h at ¡80°C. Thereafter, a deWned amount of the internal standard tricosanoic acid (23:0) was added to the samples for the determination of total lipid content. Lipid extraction was performed with minor modiWcations after Folch et al. (1957) as described by Peters et al. (2006) . Sub samples of the total lipid extracts were used for fatty acids analysis after Kattner and Fricke (1986) . The fatty acids were Wrst transformed into methyl ester derivates (FAMEs). Then they were separated with a gas chromatograph (HP 6890A) equipped with a DB-FFAP column (30 m length, 0.25 mm inner diameter and 0.25 m Wlm thickness) operating with a temperature program. Helium was used as carrier gas. Chromatograms were processed and analysed with the software KromaSystem 2000 version 1.83 (Bio-Tek Kontron Instruments). Peaks were identiWed by means of reference standards and by comparison of relative retention times.
Statistics
An arc sine square root transformation was performed for statistical operations which require normal distribution of data sets. The Kolmogorov-Smirnov test (with Lilliefors' correction) was used to test data for normality. Variance in homogeneity was tested with the Levene's test. SigniWcant diVerences between groups were tested either with a Student's t test or a one-way ANOVA followed by the Holm-Sidak post hoc test. The data were analysed with the programme SigmaStat version 3.5 (Systat Software, Inc.).
Results
Mortality, DM and lipid content of copepods
The mortality was less than 10% during the entire duration of the experiments. DM and lipid contents of in situ females were not signiWcantly diVerent from females fed with R. baltica or starved females (t tests, P > 0.05) due to high variance. DM were approximately 27 g ind ¡1 (feeding experiment) and 40 g ind ¡1 (starving experiment). In the feeding experiment, lipid content amounted to 3.4 § 0.7% DM in in situ females and 3.1 § 0.3% DM in females fed with R. baltica. In the starvation experiments, lipid contents decreased from 6.6 § 0.7% DM in the animals from the Weld to 4.7 § 1.4% DM after 3 days of starvation (Table 1) .
Faecal pellet production and EPR Females which were incubated immediately after capture produced 23.3 faecal pellets (FP) female ¡1 day ¡1 (Fig. 1 ). After 1 day of feeding the faecal pellet production rate (FPR) remained at the same level but increased on day 2 (60.6 FP female ¡1 day
¡1
). At day 3, it dropped to 29.2 FP female ¡1 day
. FPR in starved females decreased strongly from 10.3 to 2.2 FP female ¡1 day ¡1 on day 1 and stayed low throughout the experiment, not exceeding 4.2 FP female ¡1 day ¡1 (Fig. 1) . In fed females, EPR increased within 2 days from 17.7 to 41.6 eggs female ¡1 day ¡1 (Fig. 2) . On day 3, only 25.6 eggs female ¡1 day ¡1 were produced. The EPR in starved females decreased throughout the experiment from initially 24.6 to 11.1 eggs female ¡1 day ¡1 on day 3 (Fig. 2) .
Proteinase activity of copepods ind ¡1 on day 3. The reduction was already signiWcant after 1 day under starving conditions (one-way ANOVA P < 0.001, Holm-Sidak post hoc test).
Citrate synthase
The citrate synthase activity of fed females did not change signiWcantly over time (one-way ANOVA P > 0.05), and ranged between 9.3 £ 10 ¡2 (in situ) and 8.2 £ 10 ¡2 U ind ¡1 (day 3) (Fig. 4) . In starved females CS activity decreased constantly during the experiment from 8.5 £ 10 ¡2 to 6.1 £ 10 ¡2 U ind ¡1 . The diVerences between the In situ 40.5 § 2.9 6.6 § 0.7
Starved ( activities of in situ females and starving females were statistically signiWcant on day 3 (one-way ANOVA P < 0.01, Holm-Sidak post hoc test).
Fatty acid compositions of diets and copepods
The seston and the R. baltica culture showed distinct diVerences in their fatty acid composition. Composition of the seston was characterised by high portions of the saturated fatty acids (SFA) 16:0 [34.0 § 0.5% of total fatty acids (FA)] and 18:0 (15.3 § 0.5% FA) (Fig. 5a ). The monounsaturated fatty acid (MUFA) 18:1 (n-9) reached 11.4 § 0.3% FA, followed by 16:1 (n-7) (7.8 § 0.8% FA), polyunsaturated fatty acid (PUFA) 20:4 (n-3) (7.6 § 0.4% FA) and MUFA 18:1 (n-7) (5.8 § 1.2% FA). In R. baltica (Fig. 5a) , major fatty acids were PUFAs 18:4 (n-3) with 28.0 § 1.8% FA, followed by 18:3 (n-3) (13.3 § 1.0%), 18:2 (n-6) (11.5 § 0.8%), 22:6 (n-3) (9.2 § 1.4%) and MUFA 18:1 (n-7) with 8.3 § 0.6% FA. The SFAs 16:0 (7.0 § 2.6% FA) and 18:0 (1.7 § 1.9% FA) and MUFA 18:1(n-9) (4.5 § 0.4% FA) showed relatively low amounts.
The fatty acid pattern of T. longicornis changed considerably after 3 days of feeding on R. baltica (Fig. 5b) . The females from the Weld showed elevated amounts of the PUFAs 20:5 (n-3) with 29.9 § 0.8% and 22:6 (n-3) with 23.5 § 2.0% FA. The SFA 16:0 reached 20.1 § 0.9%. After feeding on R. baltica, the amount of FA 20:5 (n-3) had decreased signiWcantly to 21.9 § 1.1% (t test, P < 0.01); whereas, FA 22:6 (n-3) increased to 28.2 § 1.2% FA (t test, P < 0.05). The FA 16:0 decreased signiWcantly to 13.5 § 0.2% (t test, P < 0.001). Most distinct changes were observed in the amounts of 18 C fatty acids (t tests, P < 0.01). The amount of 18:4 (n-3) increased from 3.4 § 0.2 to 7.8 § 0.5%, 18:3 (n-3) from 0.7 § 0.1 to 4.3 § 0.2%, and 18:2 (n-6) from 1.2 § 0.4 to 3.9 § 0.6% FA. The MUFA 16:1 (n-7) which reached 3.5 § 0.3% in females from the Weld, was reduced in fed females to 0.7 § 0.1% FA.
SpeciWc fatty acid accumulation and reduction was calculated as the diVerence in % of the amount in situ in % DM and the amount in % DM after 3 days of incubation (Fig. 6) . After feeding on R. baltica the strongest relative accumulation was observed in 18:3 (n-3) with approximately 430%, followed by 18:2 (n-6) (153%) and 18:4 (n-3) (87%). The strongest decrease was observed in 16:1 (n-7) and 16:3 (n-4), in which both were reduced by approximately 80% (Fig. 6) . The amounts of all fatty acids in starved females were reduced after 3 days of incubation, reduction of single fatty acids ranged between approximately 10 and 54% of the in situ amount. Strongest reduction were measured for 14:0 (54%), 18:4 (n-3) (49%), 16:2 (n-4) (46%), 16:1 (n-7) (44%) and 18:3 (n-3) (42%).
Discussion
Temora longicornis showed rapid and distinct physiological responses to changes in diet and to starvation. The dietary shift was reXected by a drastic change in fatty acid patterns; while, starvation caused a signiWcant decrease of digestive proteinase activity, CS activity and EPR. These results complement our view about the trophic interactions and the ecological function of T. longicornis in the southern North Sea. The duration of the experiments (3 days) was chosen to exert a signiWcant stress on the animals but to avoid excessive mortality. Indeed, in each of the experiments the mortality of copepods was less than 10%. Many copepod species show a close correlation between food concentration on one side and ingestion rates and faecal pellet production on the other site (Mauchline 1998 , and references therein). The same was true in our experiments for T. longicornis. Feeding on R. baltica increased faecal pellet production above in situ rates while starvation drastically reduced faecal pellet production. This is a good conWrmation that T. longicornis accepted R. baltica as food. Moreover, T. longicornis continuously increased EPR, showing that food quality was suYcient to maintain physiological integrity and reproductive processes at a high level. In contrast, starving copepods immediately stopped faecal pellet production and continuously reduced the production of eggs.
The shift to Rhodomonas diet did not cause adverse physiological reactions in T. longicornis. The average DM as well as the total lipid contents remained at the same level as in the animals from the Weld. In starving animals; however, the lipid content decreased signiWcantly. T. longicornis does not accumulate high amounts of lipids. In our samples, the lipid values were less than 5% DM. In contrast, copepod species from high latitudes can accumulate lipids up to 75% of their DM (Lee et al. 2006) . Accordingly, T. longicornis depends on the continuous supply of food and suVers immediately in periods of starvation. A clear indication for starvation is the rapid and almost entire depletion of storage lipids. Merely polar lipids remained in the samples after 3 days. These, however, signiWcantly contribute to structural cell components and, thus, cannot be metabolised without risking cellular integrity (Sargent et al. 1987) .
The eVects of the dietary composition or starvation on the activities of digestive enzymes of copepods were discussed controversially (Mayzaud and Conover 1975; Hirche 1981; Hassett and Landry 1983) . Some authors reported that digestive enzyme activities rise when food concentrations increased while others showed the opposite. In our study, proteinase activities in T. longicornis females remained at the same level between females from the Weld and those fed with R. baltica. In contrast, starving animals lost almost their entire proteolytic activity within 2 days. The reduction of the digestive potential may be seen as an immediate mechanism to save metabolic energy. Upon suYcient food supply the copepods synthesize and release digestive enzymes to eYciently utilize the ingested food. Rapid ingestion and, thus, faster gut passage causes a signiWcant loss of enzymes via the release of faecal pellets (Nott et al. 1985) . In order to maintain a high digestive potential the copepods have to keep enzyme synthesis rates high as well. As soon as food supply, ceases, high enzyme synthesis rates are physiologically adverse; their synthesis is metabolically costly and high activities of particularly proteolytic enzymes may cause lesions in the animals. Assuming that T. longicornis is capable of increasing digestive enzyme synthesis rates after short periods of hunger as rapid as reducing it, then this reaction appears to be a primary and eYcient mechanism for saving metabolic energy without a lasting loss of physiological performance.
Citrate synthase is an important metabolic key enzyme of the tricarboxylic acid cycle. In several studies, alterations in enzyme activity was shown to be related to the nutritional state of the animals (Clarke and Walsh 1993; Meyer et al. 2002) . The T. longicornis females in our experiments, which were fed with Rhodomonas, maintained CS starved activities at an almost constant level. Accordingly, it can be suggested that these females maintained metabolic capacities similar to those of animals in the Weld. In contrast, a strong reduction of particularly CS activity was evident when the animals were starved. These results are in accordance with previous work by Clarke and Walsh (1993) who showed that citrate synthase activity decreased in starving T. longicornis already after 24 h. Apparently, starving T. longicornis reduce their capacity for aerobic energy generation due to the lack of both dietary substrates and extensive storage products. The rapid reduction of metabolic rates enables the animals to extend their time of survival and reproduction. The trophic biomarker concept is based on the observation that speciWc dietary fatty acids are incorporated largely unmodiWed into the lipid pool of the consumer (Sargent and Whittle 1981; Sargent et al. 1987; Graeve et al. 1994; Dalsgaard et al. 2003) . In calanoid copepods from polar regions they provide trophic information over a time scale of several weeks (Graeve et al. 1994) . However, for small calanoid copepods such as T. longicornis information about time scales for the incorporation of dietary fatty acids is scarce. We found that the fatty acid composition changed rapidly in T. longicornis. The seston in the Weld contained high amounts of saturated fatty acids (16:0 and 18:0), which are characteristic of detritus (Kattner et al. 1983) . Moreover, 18:1 (n-9), which is a major fatty acid in most marine animals (Sargent and Falk-Petersen 1981; FalkPetersen et al. 1990 ) accounted to about 11% of total fatty acids in the seston. This indicates that the seston predominantly contained detritus of poor nutritive quality and heterotrophic organisms. On the other hand, Rhodomonas spp. are characterised by the presence of PUFAs with 18 C atoms, such as 18:4 (n-3), 18:3 (n-3) and 18:2 (n-6), and essential fatty acids such as EPA (eicosapentaenoic acid), DHA (docosahexaenoic acid) (Jónasdóttir 1994) and sterols (Klein Breteler et al. 2004) . Veloza et al. (2006) showed in feeding experiments with Acartia tonsa that dietary fatty acids are accumulated within 5 days. We observed an accumulation of speciWc R. baltica fatty acids 18:1 (n-7), 18:2 (n-6), 18:3 (n-3) (linolenic acid), 18:3 (n-6), 18:4 (n-3) and 22:6 (n-3) (DHA) already within 3 days. It can be suggested that the dynamics of trophic marker accumulation in T. longicornis may be even more rapid. As an exception the amount of the fatty acid 20:5 (n-3) (EPA) decreased in the copepods although it showed higher values in R. baltica than the seston. The seston was pre-Wltered over a 70 m sieve. Therefore, larger organisms, which might contain elevated amounts of 20:5 (n-3) and served as food for T. longicornis, might have been excluded from the sample.
Several authors discussed that long chain (n-3) PUFAs are important for growth and development in marine calanoid copepods (Jónasdóttir 1994; Jónasdóttir and Kiørboe 1996) . Therefore, the decrease of EPA and, to a lower extent, DHA may indicate that these fatty acids were used for reproductive processes, since egg production rate EPR increased in females fed with R. baltica. In feeding experiments with A. tonsa Veloza et al. (2006) suggest that low amounts of EPA in A. tonsa may indicate that EPA is catabolised by the copepod. Jónasdóttir (1994) suggested that Acartia spp. females utilize energy from lipids to fuel biosynthesis of egg-yolk, and that speciWc dietary fatty acids, probably 20:5 (n-3) and 22:6 (n-3), are straight directed to vitellogenesis. Both fatty acids EPA and DHA are essential to copepods, since metazoans are not able at all or only to a low degree to synthesise these fatty acids de novo by e.g. elongation of linolenic acid (Brett and Müller-Navarra 1997) . In our study the portion of EPA decreased in % FA as well as in % DM in copepods despite the fact that potential precursors such as 18:3 (n-3) and 18:4 (n-3) reached high amounts in R. baltica and were accumulated in T. longicornis. Therefore, we suggest that in T. longicornis EPA is the main fatty acid, which is metabolised during periods of elevated EPR.
In conclusion, our results show that T. longicornis rapidly reacts to dietary changes and food depletion and, thus, strongly depends on continuous food supply. The species has limited energy stores and can survive only short periods of starvation. Upon starvation a sequence of successive physiological reactions appeared to save metabolic energy. These are a strong decrease in digestive proteases activity, followed by a decrease of metabolic enzyme activity and reduced EPR. A nutritional shift entailed a rapid change in the fatty acid composition, which again reXects the limited compensatory ability of T. longicornis. Due to these physiological preconditions it appears consistent that the distributional range of T. longicornis comprises predominantly the coastal areas and shallow waters (Krause et al. 1995 , and references therein), which are rich in nutrients and, thus, continuously provide suYcient food.
